Nonsmall cell lung cancer (NSCLC) is the leading cause of cancer death worldwide. About 14% of NSCLCs harbor mutations in epidermal growth factor receptor (EGFR). Despite remarkable progress in treatment with tyrosine kinase inhibitors (TKIs), only 5% of patients achieve tumor reduction >90%. The limited primary responses are attributed partly to drug resistance inherent in the tumor cells before therapy begins. Recent reports showed that activation of receptor tyrosine kinases (RTKs) is an important determinant of this innate drug resistance. In contrast, we demonstrate that EGFR inhibition promotes innate drug resistance despite blockade of RTK activity in NSCLC cells. EGFR TKIs decrease both the mitogen-activated protein kinase (MAPK) and Akt protein kinase pathways for a short time, after which the Ras/MAPK pathway becomes reactivated. Akt inhibition selectively blocks the transcriptional activation of Ets-1, which inhibits its target gene, dual specificity phosphatase 6 (DUSP6), a negative regulator specific for ERK1/2. As a result, ERK1/2 is activated. Furthermore, elevated c-Src stimulates Ras GTP-loading and activates Raf and MEK kinases. These observations suggest that not only ERK1/2 but also Akt activity is essential to maintain Ets-1 in an active state. Therefore, despite high levels of ERK1/2, Ets-1 target genes including DUSP6 and cyclins D1, D3, and E2 remain suppressed by Akt inhibition. Reduction of DUSP6 in combination with elevated c-Src renews activation of the Ras/MAPK pathway, which enhances cell survival by accelerating Bim protein turnover. Thus, EGFR TKIs evoke innate drug resistance by preventing Akt activity and inactivating Ets-1 function in NSCLC cells.
Nonsmall cell lung cancer (NSCLC) is the leading cause of cancer death worldwide. About 14% of NSCLCs harbor mutations in epidermal growth factor receptor (EGFR). Despite remarkable progress in treatment with tyrosine kinase inhibitors (TKIs), only 5% of patients achieve tumor reduction >90%. The limited primary responses are attributed partly to drug resistance inherent in the tumor cells before therapy begins. Recent reports showed that activation of receptor tyrosine kinases (RTKs) is an important determinant of this innate drug resistance. In contrast, we demonstrate that EGFR inhibition promotes innate drug resistance despite blockade of RTK activity in NSCLC cells. EGFR TKIs decrease both the mitogen-activated protein kinase (MAPK) and Akt protein kinase pathways for a short time, after which the Ras/MAPK pathway becomes reactivated. Akt inhibition selectively blocks the transcriptional activation of Ets-1, which inhibits its target gene, dual specificity phosphatase 6 (DUSP6), a negative regulator specific for ERK1/2. As a result, ERK1/2 is activated. Furthermore, elevated c-Src stimulates Ras GTP-loading and activates Raf and MEK kinases. These observations suggest that not only ERK1/2 but also Akt activity is essential to maintain Ets-1 in an active state. Therefore, despite high levels of ERK1/2, Ets-1 target genes including DUSP6 and cyclins D1, D3, and E2 remain suppressed by Akt inhibition. Reduction of DUSP6 in combination with elevated c-Src renews activation of the Ras/MAPK pathway, which enhances cell survival by accelerating Bim protein turnover. Thus, EGFR TKIs evoke innate drug resistance by preventing Akt activity and inactivating Ets-1 function in NSCLC cells.
nonsmall cell lung cancer | EGFR inhibition | tyrosine kinase inhibitors | ERK1/2 paradoxical activation | innate drug resistance L ung cancer is the leading cause of cancer death worldwide (1, 2) . Of the two major histologic types, small cell and nonsmall cell (NSCLC), the latter is by far the more prevalent (∼85%). About 14% of NSCLCs harbor mutations in epidermal growth factor receptor (EGFR), a receptor tyrosine kinase (RTK). Despite remarkable progress in treating EGFR-mutated NSCLCs with EGFR tyrosine kinase inhibitors (TKIs), only 5% of patients achieve tumor reduction >90% (3). The remaining patients respond, but only partially, even though they too have EGFR mutations. We speculate that this limited primary response may be attributable to resistance inherent in the tumor cells even before treatment begins and not to resistance acquired over its course (4) .
Recent studies demonstrated that RTK ligands secreted through paracrine, autocrine, and endocrine mechanisms in the tumor microenvironment are important determinants of therapeutic responses to anticancer kinase inhibitors (5-7). Indeed, hepatocyte growth factor (HGF), fibroblast growth factor (FGF), and neuregulin (NRG1) confer innate drug resistance to the highest number of cancer cell lines by activating RTKs and thus stimulating a prosurvival pathway, either the Ras/mitogen-activated protein kinase (MAPK)-or PI3K/Akt-signaling or both (5) . Certainly, HGF-mediated activation of RTK Met is most suspected as the cause of innate resistance to anticancer agents (5-7). However, it is not clear to what extent activation of Met contributes to the innate drug resistance after EGFR inhibition in NSCLC cells.
In this study, we investigated the molecular machinery by which the Ras/MAPK pathway is activated after EGFR inhibition despite blockade of RTK activity in NSCLC cells. (Fig. 1A) . A week later, 5% of the cells remained viable (Fig. 1A, Middle) . Thereafter, the resistant cells commenced cell division and formed colonies in the presence of gefitinib (Fig. 1A, Right) . These findings suggested that EGFR inhibition in the cultured cells mimics clinical observations of the innate resistance.
Results

EGFR
We next examined the biological behavior of the NSCLC cells immediately after EGFR inhibition. We found that the TKIs gefitinib (Iressa), erlotinib (Tarceva), and lapatinib (Tykerb) markedly reduced EGFR phosphorylation at Tyr1068 (Fig. 1 B 
Significance
Lung cancer is the leading cause of cancer death worldwide. About 10% harbor mutations in epidermal growth factor receptor (EGFR). Despite remarkable progress in treatment with EGFR inhibitors, only 5% of patients achieve tumor reduction >90%, even though all of those treated have EGFR mutations. Our study addressed this discrepant response by investigating the mechanism of innate drug resistance, i.e. resistance inherent in the tumor cells even before treatment begins and not acquired over its course. Because overcoming innate resistance will increase the primary response, our findings may provide an opportunity to develop new therapies to reduce the probability of emergent resistance to EGFR inhibitors.
and C and Figs. S1-S3) and Akt at Thr308 and Ser473 (Fig. 1B  and Fig. S4 ). After 1 h of treatment, ERK1/2 phosphorylation was inhibited (Fig. 1B and Figs. S2A and S3 A and C), but surprisingly was reactivated after 6-24 h of gefitinib treatment ( Gefitinib-induced ERK1/2 activation at 12 h was accompanied by MEK1/2 phosphorylation (Fig. 1C) ; 10 μM of a MEK inhibitor (PD325901) completely suppressed this activation (Fig. 1D) . Thus, upstream MAPK signaling may be essential for ERK1/2 activation after EGFR inhibition. Indeed, in a pull-down assay with a GSTfusion protein containing the Ras-binding domain (RBD) of c-Raf, Ras remained activated after EGFR inhibition, as shown by SDS/ PAGE and Western blot with a pan-Ras antibody (Fig. 1E) .
To establish the importance of Ras activation in initiating the MAPK cascade after EGFR inhibition, we used a lentiviral gene expression system to make an S17N (asparagine substitution for serine 17) dominant-negative form of K-Ras. The dominant-negative effect reflects the mutant's ability to sequester SOSs (upstream activators) and its inability to activate Rafs (downstream effectors) (8) . Ectopic and endogenous expressions were distinguished by reduced mobility of the Myc epitope-tagged S17N K-Ras protein, which was also detected with an anti-Myc antibody (Fig. 1F) . Ectopically expressed S17N K-Ras inhibited TKI-induced ERK1/2 activation, as shown by Western blot, suggesting that the ERK1/2 activation is dependent on Ras activity.
The activated ERK1/2 was evidently functional, as phosphorylation of GST-Elk1 was increased (Fig. 1G) . Phosphorylated forms of ERK1/2 were predominantly localized in the nucleus rather than the cytoplasm (Fig. 1H ).
RTKs Are Not Responsible for Ras/MAPK Activation Induced by EGFR Inhibitors. Multiple RTKs are coactivated in NSCLCs and other types of solid tumors (9) . To investigate whether sustained activation of Ras after EGFR inhibition is caused by phosphorylation and activation of RTKs other than EGFR, we used a phospho-RTK antibody array to assess the phosphorylation status of 28 major RTKs. In the absence of gefitinib, five RTKs were coactivated: EGFR, HER3, FGFR1, IGF1R, and Met ( Fig. S6 ; numbers 1-5; Top). In cells treated with two concentrations of gefitinib for 12 h, phosphorylation of these five RTKs was reduced. No other RTKs were activated after EGFR inhibition.
Western blot analysis confirmed these observations ( Fig. 2A and Fig. S7 ): gefitinib inhibited the activities of EGFR, HER3, FGFR1, IGF1R, and Met in a dose-dependent manner. These findings show that the EGFR mutation drives the activities of these RTKs in NSCLC cells and that EGFR inhibition collapses an extensive network of downstream signaling, consistent with a previous report (10) . To confirm that targeted EGFR inhibition blocks the protein kinase activities of other coactivated RTKs in EGFR-mutated NSCLC cells, we also assessed the phosphorylation status of Shc, Gab1, and Gab2, which are phosphorylated by activated RTKs (11) (12) (13) , and found gefitinib inhibition. Thus, the protein kinase activities of all RTKs were blocked ( Fig. 2A and Fig. S7 ). Moreover, SHP2 was essentially inactivated at gefitinib doses ≥0.2 μM ( Fig. 2A and Fig. S7 ). As SHP2 activation and association with Gab1 are critical for sustained ERK1/2 activation downstream of RTKs (14), RTKs are not responsible for sustained Ras activation after EGFR inhibition.
Activation of c-Src Is Sustained After EGFR Inhibition in NSCLC Cells.
EGFR mutations may contribute to aggressive human malignancies involving non-RTK c-Src (15) . Indeed, overexpression of c-Src and EGFR in fibroblast cells causes synergistic increases in DNA synthesis, colony growth in soft agar, and tumor formation in nude mice (16) . This synergy is dependent on c-Src-mediated phosphorylation of EGFR at Tyr845.
c-Src is activated in NSCLCs and promotes the survival of EGFR-mutated cells (17) . TKI-sensitive mutations in EGFR's catalytic domain reportedly confer the capacity to bind to c-Src (18) . This binding is thought to activate c-Src by altering its conformation and subsequent phosphorylation status, potentially explaining the activation of c-Src in EGFR-mutated NSCLC cells (19) . We evaluated EGFR phosphorylation at Tyr845 and Tyr1068 in HCC827 cells. We also tested the phosphorylation status of endogenous c-Src; in particular, we looked for phosphorylation residues that were active (Tyr419 in the activation loop of the kinase domain) or inactive (Tyr530 in the carboxyl terminus) (20) . Finally, we examined mutated-EGFR-c-Src associations.
Gefitinib inhibited EGFR phosphorylation at Tyr845 and Tyr1068 (Fig. 2B ). Tyr1068 autophosphorylation is necessary for Grb2-EGFR binding (21) . Higher concentrations were required for inhibition at Tyr845 (≥1.6 μM) than at Tyr1068 (≥0.02 μM). Evidently, c-Src is active after EGFR inhibition. Consistent with this possibility, c-Src was stably phosphorylated at Tyr419 and not phosphorylated at Tyr530 after EGFR inhibition (Fig. 2B ). After immunoprecipitation with EGFR antibodies (Fig. 2C) , mutated EGFR associated directly with c-Src in the absence of gefitinib (lane 8), and EGFR inhibition did not alter this association (lanes [9] [10] [11] [12] [13] [14] . Because EGFR and c-Src were consistently localized in the plasma membrane, regardless of EGFR phosphorylation status (Fig. 2D) , sustained c-Src activation likely reflects its association with mutated EGFR in the plasma membrane.
c-Src Activates the EGFR/MAPK Pathway After EGFR Inhibition in NSCLC Cells. To link c-Src activity to sustained activation of the Ras/MAPK pathway after EGFR inhibition, we treated HCC827 cells with gefitinib for 12 h and cultured them in the presence or absence of the specific Src inhibitor saracatinib (10 μM) for 1 h before harvesting. Protein expression was analyzed by Western blot, and Ras-GTP levels were measured with a Ras pull-down assay (Fig. 2E) . Saracatinib markedly reduced phosphorylation of c-Src at Thy419 (lanes [8] [9] [10] [11] [12] [13] [14] , indicating that it inhibited c-Src kinase activity. It also decreased phosphorylation of EGFR and Shc in the absence of gefitinib (lane 8), resulting in inhibition of Ras-c-Raf-MEK1/2-ERK1/2 cell signaling. This finding suggests that c-Src promotes activation of EGFR and its downstream MAPK pathway in EGFR-mutated NSCLC cells, as reported (22) . In the presence of gefitinib, loss of c-Src activity inhibited Ras, c-Raf, and MEK1/2 activities (lanes 9-14). However, ERK1/2 phosphorylation was reduced only modestly, suggesting that activation of the Ras/MAPK pathway after EGFR inhibition must be regulated at different levels.
EGFR Inhibition Severely Depletes DUSP6 Expression, Activating ERK1/2 by Interacting with Elevated c-Src in EGFR-Mutated NSCLC Cells.
MAPK signaling was once considered a linear and relatively simple receptor-to-nucleus pathway (23) . However, we now know that negative feedback loops in the MAPK pathway form a complex network. Because protein phosphatases directly attenuate activated signal transduction pathways by dephosphorylating key kinase effectors, we analyzed expression profiles of the major 83 protein phosphatases from a gene expression data set of HCC827 cells treated with erlotinib for 12 h (GEO accession number GSE38310). EGFR TKI reduced levels of dual specificity phosphatase 6 (DUSP6), a negative regulator specific for ERK1/2 (23). We confirmed this finding with our own samples harvested after 12 h of treatment with gefitinib: mRNA levels of DUSP6 were reduced on quantitative PCR (Fig. 2F ) and DUSP6 protein expression was markedly inhibited on Western blot (Fig.  2G) . Moreover, DUSP6 levels remained inhibited despite a significant reduction of c-Src/Ras/Raf/MEK signaling (Fig. 2E) .
To link EGFR inhibition directly to ERK1/2 activation by DUSP6 depletion, we determined whether ectopically expressed (Fig. 2H, lanes 9-14) . However, Ras remained activated and MEK1/2 was phosphorylated after inhibition of both EGFR and ERK1/2 (Fig. 2H, lanes 9-14) , highlighting an important role for c-Src in activating the Ras/Raf/MEK signaling pathway (Fig. 2E) .
These findings indicate that c-Src activates the EGFR/MAPK pathway in NSCLC cells and cooperates with loss of DUSP6 to activate ERK1/2 after EGFR inhibition.
Gefitinib Activates ERK1/2 but Inhibits mRNA Expression of Cyclins D1, D3, and E2. Cyclin D1 is a major transcriptional target of ERK1/2, and the MAPK signaling pathway is important for the G1-S cell cycle transition (24) . We investigated expression of cyclin D1 and other G1 cell-cycle regulation molecules in cells in which ERK1/2 remained active after EGFR inhibition. We expected that levels of cyclin D1 and some G1 cyclins would increase in response to ERK1/2 activation. Surprisingly, after 12 h of treatment with gefitinib, cyclins D1, D3, E2, and p21 Cip1 were inhibited, but cyclin E1, CDK 2, 4, and 6, and p27 Kip1 were not, as shown by Western blot (Fig. 3A and Fig. S8 ).
To assess mRNA expression of cyclins D1, D3, E2, and p21 Cip1 after gefitinib exposure, we performed quantitative PCR (Fig. 3B) . Gefitinib reduced mRNA levels of cyclins D1, D3, and E2, but not of p21 Cip1. Evidently, the reduced levels of p21 Cip1 protein likely reflect loss of cyclin-CDKs-p21 Cip1 complexes. Thus, although ERK1/2 was activated by EGFR inhibitors, its effect on cell proliferation was nullified by inhibition of its transcriptional target gene cyclins D1, D3, and E2.
EGFR Inhibition Specifically Decreases Ets-1 Protein, Which Negatively
Regulates Expression of Cyclins D1, D3, E2, and DUSP6. The -962 cyclin D1 promoter fragment has binding sites for the transcription factors AP-1 (c-Jun/c-Fos), Ets, TCF, and CREB (Fig.  3C) (25) . Ras/MAPK-mediated activation of the cyclin D1 promoter requires Ets and CREB. As cyclin D1 transcription was inhibited despite ERK1/2 activation, we hypothesized that the cause was loss of Ets or CREB expression.
To test this hypothesis, we cultured HCC827 cells in the presence or absence of gefitinib for 12 h and analyzed cell extracts by Western blot with antibodies against c-Jun, Ets-1, Ets-2, TCF4, and CREB (Fig. 3D) . We chose Ets-1 and Ets-2 because transactivation of their target genes is controlled by ERK1/2 (26, 27) . In addition, HCC827 cells exclusively express TCF4 (Fig. S9) . Gefitinib did not affect c-Jun, Ets-2, TCF4, or CREB (Fig. 3D) , but quantitative PCR showed reduced Ets-1 mRNA (Fig. 3E) . This gefitinib-induced decreased Ets-1 expression could explain why cyclin D1 transcription was inhibited despite elevated ERK1/2 activity after EGFR inhibition.
To assess the role of Ets-1 in the expression of cyclins D1, D3, and E2, we used RNA interference (RNAi) to knock down Ets-1 expression. First, we measured Ets-1 protein in HCC827 cells transfected with control small interfering (si)RNA or Ets-1 siRNA oligonucleotides. Cells were harvested 48 h after transfection and analyzed by Western blot. Ets-1 siRNA, but not control siRNA, reduced Ets-1 levels (Fig. 3F) . Next, we assessed the effects of Ets-1 depletion on DUSP6, cyclin D1, and other G1 cell-cycle regulators. We included DUSP6 because it is a downstream transcriptional target gene of Ets-1 (28, 29) . As expected, expression of DUSP6, the cyclins, and p21 Cip1 was markedly decreased. Reduction of DUSP6 resulted in a significant increase of ERK1/2 phosphorylation without changing its total expression. As in gefitinib-treated cells, expression of cyclin E1 was not changed. These findings confirm that Ets-1 is essential for expression of DUSP6 and cyclins D1, D3, and E2 in HCC827 cells. They also verify that DUSP6 has a critical role in negative regulation of ERK1/2 kinase activity in the NSCLC cells. D3, E2, and DUSP6 after EGFR inhibition, we blocked ERK1/2 activity with a MEK inhibitor or enhanced Akt activity by introducing a constitutively active Akt1 in HCC827 cells.
HCC827 cells were treated with gefitinib and 10 μM PD325901 for 12 h and harvested for Western blot analysis (Fig. 3G) . PD325901, a MEK inhibitor, inhibited both baseline and gefitinibinduced activation of ERK1/2 activity (lanes 8-14) . In the absence of gefitinib, PD325901 attenuated expression of Ets-1, DUSP6, the cyclins, and p21 Cip1, despite phosphorylation and activation of Akt (lane 8). Addition of gefitinib inhibited phosphorylation of Akt and ERK1/2, but did not rescue expression of Ets-1, the cyclins, or DUSP6 (lanes 9-14) . These observations suggest that ERK1/2 regulated expression of Ets-1, the cyclins, and DUSP6 proteins in these cells; however, gefitinib-induced ERK1/2 activation was not associated with reduced expression of Ets-1, the cyclins, and DUSP6.
When directed to membranes, Akt1 becomes constitutively active by the addition of a c-Src myristoylation (Myr) sequence (30) . To examine this process, we generated an N-terminal Myr form of Akt1 in a lentiviral gene expression system. Ectopic and endogenous expression (Fig. 3H, lanes 8-14) were distinguished as described above. Ectopically expressed Myr-Akt1 was phosphorylated and activated regardless of EGFR inhibition, as shown by phospho-Akt blotting (lanes 9-14). Unexpectedly, Myr-Akt1 rescued expression of Ets-1, the three cyclins, p21 Cip1, and DUSP6. Although DUSP6 was increased less than the other proteins, gefitinib-induced ERK1/2 activation was inhibited. Thus, inhibition of Akt protein kinase after exposure to gefitinib is the primary cause of the reduction in the levels of Ets-1, DUSP6, and cyclins D1, D3, and E2.
Sustained Activation of ERK1/2 Enhances Cell Survival by Accelerating
Bim Protein Turnover. EGFR inhibition induces a BH3-only protein Bim, which is essential for apoptosis and caspase induction in EGFR-mutated NSCLC cells (31) . EGFR TKIs generate all three splice variants of Bim: short (S), long (L), and extralong (EL), of which Bim EL is the most abundant. ERK1/2 phosphorylates Bim EL at Ser69, targeting it for degradation via the proteasome-ubiquitin pathway (32) or without the addition of the MEK inhibitor PD325901 for 24 h before harvesting (Fig. 4A) . Elevated ERK1/2 caused sustained phosphorylation of Bim EL at Ser69, resulting in rapid turnover of phosphorylated Bim EL (lanes 2-7) . The other two splice variants of Bim S and L were barely detectable in these extracts. The MEK inhibitor reduced phosphorylation of ERK1/2 and prevented the ERK1/2-mediated phosphorylation of Bim protein, thereby suppressing degradation of nonphosphorylated Bim, restoring its expression, and facilitating caspase-3 activation (lanes 8-14) .
Discussion HGF-Met signaling was previously identified as an important determinant of the innate drug resistance to EGFR TKIs in NSCLC cells (5) . However, given that causes of acquired resistance to EGFR TKIs are multiple and complex (2), NSCLC cells may have more than one mechanism for innate resistance. In this paper, we investigated the molecular machinery by which the Ras/MAPK pathway is activated after EGFR inhibition, despite blockade of RTK activity in NSCLC cells (Fig. 4B) . EGFR inhibitors decrease both the MAPK and Akt pathways for a short time, after which Ras and the MAPK pathway become reactivated. Akt inhibition selectively blocks the transcriptional activation of Ets-1, which inhibits its target gene, DUSP6. As a result, ERK1/2 is activated. Furthermore, elevated c-Src stimulates Ras GTP loading and activates Raf/MEK kinases. The outcome of persistent inactivation of Ets-1 is quiescence and survival of the NSCLC cells: quiescence is triggered by reduction of the Ets-1 target genes cyclins D1, D3, and E2, whereas elevated ERK1/2 accelerates Bim protein turnover, resulting in increased cell survival. Our findings may elucidate a new aspect of the innate resistance to EGFR TKIs in the absence of growth factors, without activation of RTKs.
To our knowledge, this is the first report of opposing effects of Akt on the MAPK pathway: transactivation of Ets-1 and inhibition of c-Raf. Akt-c-Raf crosstalk was previously reported to inhibit c-Raf kinase activity (34) . However, we found that Akt activates Ets-1, an important downstream effector of ERK1/2. Conversely, EGFR inhibition prevents Akt activity, resulting in activation of c-Raf and two kinases downstream in the cascade, MEK1/2 and ERK1/2, but inhibits Ets-1 function. Thus, after EGFR inhibition, the Ras/MAPK pathway is simultaneously activated in three different ways: Ras activation by elevated c-Src, (Fig. 4B) . Nonetheless, cyclin D1, a major transcriptional target of ERK1/2, is significantly inhibited after EGFR inhibition.
Our findings demonstrate that synthesis of Ets-1 and transactivation of its target genes requires ERK1/2 and Akt kinase activities (Fig. 4B) . For this reason, although ERK1 and ERK2 were more active after EGFR inhibition, they could not transactivate Ets-1 target genes without Akt protein kinase. This insight reveals a previously unidentified point of convergence of MAPK and Akt signaling and may provide a strategy to treat cancers in which MAPK and Akt activities are abnormal. For example, B-Raf-mutated tumors are sensitive to MEK and B-Raf inhibitors, which attenuate cyclin D1 expression and cause G1 arrest (35, 36) . Inhibition of both MEK and Akt or both B-Raf and Akt may result in more complete and lasting inhibition of Ets-1 target genes, including cyclin D1. Likewise, an essential role of Akt to maintain Ets-1 in an active state might shift the therapeutic approach to targeting the MAPK pathway. Despite the frequency of aberrant Ras/MAPK signaling in human cancer, the critical role of MEK1/2 in the pathway, and the availability of highly specific and potent MEK inhibitors, targeted chemotherapy for human malignancies has been disappointing, except for B-Raf-mutated melanoma (37) . Because Ets-1 is the major effector regulating MAPK downstream target genes, our findings suggest an alternative approach to inhibiting the MAPK pathway-attenuating Akt activity. We believe that these insights will cause a shift in the therapeutic approach to targeting the MAPK pathway.
In NSCLC cells treated with EGFR inhibitors, persistent inactivation of Ets-1 induces the innate drug resistance. Defining the molecular mechanism for this process may provide insights into the role of Akt in regulation of Ets-1 and its target genes and might have important implications for targeted therapy for EGFR-driven cancers and the innate drug resistance to EGFR TKIs. We found a correlation between Ets-1 expression and its activity, as assessed by levels of its target genes, DUSP6 and cyclins D1, D3, and E2, with or without gefitinib. Moreover, EGFR inhibition reduced Ets-1 mRNA levels, the same mechanism as in the target genes. Thus, Ets-1 may autoregulate its transcript in NSCLC cells. In fact, consensus Ets-binding sites in the Ets-1 promoter regulatory region are necessary for its activation in cultured cells (38, 39) . Therefore, once ERK1/2 and Akt activate Ets-1, positive feedback will exponentially increase its expression. Indeed, Ets-1 mRNA is increased in a K-Rastransformed prostate epithelial cell line (40) . Likewise, elevated Akt activity raises Ets-1 expression in prostate cancer (41) .
Posttranslational modification of Ets family members is another mechanism for transactivation of Ets target genes (42) . ERK1/2 phosphorylates Ets-1 at Thr38 and Ets-2 at Thr72, which increases their transactivational activity (26, 27) . A recent study of macrophages in motheaten-viable mice showed that Thr72 of Ets-2 is phosphorylated and activated by Akt-mediated Jun-N-terminal kinase (43) . Akt also induces transcriptional activity of an Ets family member, PU.1, by phosphorylating a residue in its transactivation domain (44) . Therefore, transcription of Ets-1 might be enhanced by phosphorylation by Akt. However, Scansite motif analysis (45) showed that Ets-1's potential Akt phosphorylation sites Thr73 and Ser282 are less stringent (within 2.672 and 2.233 percentiles, respectively) than its actual ERK1/2 phosphorylation residue Thr38 (within 0.744 percentile). Alternatively, Akt might phosphorylate two closely related transcriptional coactivating proteins to transactivate Ets-1 target genes, CREB binding protein (CREBBP) and p300, with which Ets-1 interacts (46) . Moreover, Akt phosphorylates p300 at Ser1834, which is essential for its transcription from the promoter of intercellular adhesion molecule-1 (47), whose transcription is also activated by Ets-1 and Ets-2 (48, 49) . Thus, Akt may activate the Ets-1 transcriptional machinery by phosphorylating its coactivator p300/CREBBP. Our protein motif analysis further supported this possibility. CREBBP has highly stringent potential Akt phosphorylation sites at Ser381, Ser1733, and Thr1833 (within 0.828, 0.538, and 0.235 percentile, respectively). All of these sites are in CREBBP's CH1 and CH2/CH3 domains, which interact with Ets-1 (46) . Nonetheless, more studies are warranted to define the mechanism of Akt-mediated transactivation of Ets-1 in NSCLC.
In this report, we demonstrate a new aspect of the innate drug resistance to EGFR TKIs without activation of RTKs. We investigated the mechanism by which the Ras/MAPK pathway is activated after EGFR inhibition despite blockade of RTK activity in NSCLC cells. We found that not only ERK1/2 but also Akt activity is essential to maintain Ets-1 in an active state. Therefore, despite high levels of ERK1/2, Ets-1 target genes including DUSP6 and cyclins D1, D3, and E2 remain suppressed in the absence of Akt activity after EGFR inhibition. Reduction of DUSP6 combines with c-Src to renew activation of the Ras/ MAPK pathway, resulting in increased cell survival by accelerating Bim protein turnover. Because we found that addition of a MEK inhibitor enhances programmed cell death by rewiring apoptotic signaling, we may reduce the probability of emergent resistance to EGFR TKIs by the combined treatment of the TKI and MEK inhibitor, although further studies are required to address this question.
Materials and Methods
Chemicals, Cell Culture, DNA Plasmids, Small Interfering RNA, and Transfection. The following were suspended in dimethyl sulfoxide: gefitinib, erlotinib, lapatinib, the MEK inhibitor PD325901, and the Src inhibitor saracatinib (all from LC laboratories). The following cell lines were from the American Type Culture Collection: HCC827, HCC2935, H-1650, H-1838, H-2170, H-1975, 293T, A-431, HeLa, HCT15, HCT116, HT29, and SW620. Cells were cultured in RPMI medium 1640 (Life Technologies) supplemented with 10% (vol/vol) FBS (Life Technologies) and were maintained in a 5% CO 2 incubator at 37°C.
The Myc-tagged S17N and G12V human K-Ras pcDNA3.1 expression vectors have been described (50) . Human DUSP6 (Image Clone, Fisher Scientific), Myc-S17N human K-Ras, or Myr-mouse Akt1 (Upstate Biotechnology, Millipore) cDNA was subcloned into the pLenti-C-Myc-DDK lentiviral vector (OriGene). Ets-1 and control siRNA oligonucleotides were selected as recommended (SI03068632, FlexiTube siRNA, Qiagen; AllStars Negative Control, Qiagen). TransIT-LT1 (Mirus Bio) and Oligofectamine (Life Technologies) were used for transient DNA and siRNA transfections. Lentiviral Gene Expression System. Plasmid DNA containing DUSP6, S17N K-Ras, Myr-Akt1, or empty pLenti-C-Myc-DDK (control) was transfected into 293T cells together with lentiviral packaging plasmids pMDLg/pPRE, pRSVRev, and pMD2.G (provided by Didier Trono, Addgene, Cambridge, MA). After 16 h of incubation, the culture medium was replaced with fresh medium. The next day, cell culture supernatants containing viral particles expressing DUSP6, S17N K-Ras, Myr-Akt1, or empty lentiviral vector were collected and used with hexadimethrine bromide (polybrene, Sigma-Aldrich) to infect exponentially growing HCC827 cells. At 24 h after infection, cells were cultured in the presence or absence of gefitinib for 12 h and harvested.
Protein Preparation, Western Blot Analysis, and Phospho-RTK Antibody Array. Total cellular protein was isolated with cell lysis buffer (Cell Signaling Technology). Nuclear-and-cytoplasmic or membrane-and-cytoplasmic protein fractions of cultured cells were obtained with NE-PER Nuclear and Cytoplasmic Extraction Reagents (Pierce Protein Biology) or a Mem-PER Plus Membrane Protein Extraction Kit (Pierce Protein Biology). Equal amounts of protein were prepared by adding Reducing Red Loading Buffer (Cell Signaling Technology) and were resolved by SDS/PAGE (Novex Tris-Glycine Gels; Life Technologies).
Western blots were developed by enhanced chemiluminescence (ECL and SuperSignal West Pico, Pierce Protein Biology; Luminata Crescendo, Millipore; and ECL Prime, GE Healthcare Life Science), and detected by autoradiography film (Classic BX Autoradiography Film, MIDSCI). The following primary and secondary antibodies were used: phospho-Tyr1068 and Tyr845 EGFR (3777, 6963, Cell Signaling Technology), EGFR (1005, Santa Cruz Biotechnology; 4267, Cell Signaling Technology), phospho-ERK1/2 (9101, Cell Signaling assess the phosphorylation status of 28 major RTKs. Briefly, cell lysate was incubated on a slide, to which was added a biotinylated detection antibody mixture, streptavidin-conjugated horseradish peroxidase, and, finally, enhanced chemiluminescence reagents. Slide images were captured with autoradiography film.
Immunoprecipitation and Immunoblotting, Measurement of Ras-GTP Levels, and Phospho-ERK1/2-Associated GST-Elk1 in Vitro Kinase Assay. Proteins were precipitated with agarose-conjugated antibodies to mouse normal IgG (sc-2343, Santa Cruz Biotechnology), and EGFR (528, Santa Cruz Biotechnology).
Immunoprecipitates were subjected to SDS/PAGE and stained with antibodies against EGFR (1005, Santa Cruz Biotechnology), or c-Src (2123, Cell Signaling Technology). Ras-GTP levels were measured with the Active Ras Pull-Down and Detection Kit (Pierce; Cell Signaling Technology). The pulled-down Ras-GTP was detected by Western blot analysis with a pan-Ras antibody (H-Ras, K-Ras, and N-Ras).
A phospho-ERK1/2-associated GST-Elk1 in vitro kinase assay was performed according to the manufacturer's instructions with a nonradioactive p44/42 MAP Kinase Assay Kit (9800, Cell Signaling Technology). Briefly, active p44/42-ERK1/2 kinase from cell extracts was precipitated by phospho-p44/42-ERK1/2 antibodies and analyzed with an in vitro kinase assay using GST-Elk-1 protein as a substrate. Elk-1 phosphorylation and input GST-Elk-1 protein were detected by Western blotting with antibodies against phospho-Ser383 Elk-1 (2B1, Cell Signaling Technology) and Elk-1 (9182, Cell Signaling Technology).
TaqMan Quantitative-PCR Assay. Gene expression was analyzed in triplicate by TaqMan quantitative PCR (qPCR). mRNA was isolated with an SV Total RNA Isolation System (Promega). cDNA from 500 ng of total RNA was synthesized with an RT First Strand Kit (Life Technologies). cDNA (5 ng) was mixed with RT qPCR master mixes, and aliquots were placed with gene-specific primer sets. We used TaqMan assays from Life Technologies DUSP6 (Hs01044001_m1), cyclin D1 (Hs00765553_m1), cyclin D3 (Hs00426901_m1), cyclin E2 (Hs00180319_m1), p21 Cip1 (Hs00355782_m1), and Ets-1 (Hs00428287_m1). Expression levels normalized to endogenous GAPDH were determined by real-time PCR and analyzed at the UCSF Helen Diller Family Comprehensive Cancer Center Genome Analysis Core Facility.
